The genesis of the giant Dongshengmiao in the northern margin of the North China Block has been debated since its discovery in the 1950s, because it shows geological and geochemical characteristics with both syngenetic and epigenetic signatures. It has geological settings and sulfur and lead isotopic compositions that are similar with typical SEDEX (sedimentary exhalative) deposit, while the Zn-Pb-Cu mineralization was controlled by shear deformation and metamorphism, showing similarities with orogenic-type deposits. In this contribution, both the syngenetic and epigenetic features of the Dongshengmiao are envisaged, and accounted for in the context of a genetic model with two metallogenic periods. Massive pyrite at the Dongshengmiao was mostly recrystallized during metamorphism, but finegrained texture was locally preserved, indicating its syngenetic origin. On the contrary, all the Zn-Pb-Cu ores observed in this study show characteristics of epigenetic hydrothermal mineralization that controlled by metamorphism and accompanying shear deformation. The sulfur and lead isotopic compositions of sphalerite and galena indicate that they were in situ remobilized from a syngenetic stratabound source, and the oxygen and hydrogen isotopic ratios of ore-fluid indicate that the large-scale remobilization was assisted by metamorphic fluid. The thermodynamic modeling indicates that the orefluid during remobilization has a great potential of transporting Cu. This may account for the abnormally enriched Cu in the remobilized SEDEX deposit. The metamorphic fluid might strip Cu from the fluid source during devolatilization, and overprint it on the Zn-Pb orebodies during remobilization. A secondary flowthrough modeling reveals that Zn-and Cu-sulfides would be preferentially redistributed in Fe-rich carbonates during remobilization, as a result of fluid-rock interaction. Conclusively, a multistage genetic model is proposed. During the development of the Proterozoic rift, stratabound Zn-Pb mineralization took place in a SEDEX ore-forming system. The syngenetic sulfides subsequently underwent a large-scale fluidassisted remobilization during the early Cretaceous metamorphism and thrusting, forming the shear zone-controlled epigenetic orebodies. During the remobilization process, Cu was scavenged from the source of metamorphic fluid, and deposited accompanying remobilized Zn-Pb sulfides. Shear structures and Fe-rich carbonates are ideal sites for redistribution and re-deposition of remobilized sulfide.
Introduction
The giant Dongshengmiao deposit has reserves of 4.83 Mt Zn at an average grade of 2.85% Zn, 0.96 Mt Pb at 0.67% Pb, and 0.11 Mt Cu at 0.86% Cu (Long, 2009) , and is the third largest Pb-Zn deposit in China following the Jinding and Changba-Lijiagou deposits . In addition, massive pyrite accompanying Zn-Pb-Cu mineralization is also mined for the purpose of making sulfuric acid. Since its discovery in the 1950s, the genesis of the Dongshengmiao deposit has been debated for more than half a century. Two end-member hypothesis of ore genesis have been proposed: (1) The submarine exhalative model stresses that syngenetic ZnPb-Cu mineralization was a result of submarine hydrothermal activity, and was slightly modified during subsequent metamorphism and deformation (Xia, 1992; Jiang, 1994; Peng and Zhai, 2004; Peng et al., 2007a,b; Zhou et al., 2012; Gao et al., 2014) . The authors proposed that the Dongshengmiao deposit shares similar geological settings with typical SEDEX deposits. For example, the orehosting rift sequences with interlayered siderite and B, Mn, P and Ba enriched layers are typical of SEDEX ore-forming systems (Yang, 1992; Peng et al., 2000; Peng and Zhai, 2004; Zhai et al., 2008) . This model is also evidenced by geochemical features of sulfides, which is enriched in heavy S isotopes and depleted in radiogenic Pb isotopes (Miu and Ran, 1992) . (2) An alternative epigenetic model stresses that the hydrothermal ore-forming process was structurally controlled during compressional deformation. This model is based on the observation that the distribution of sulfides was controlled by host rock deformation, especially by shear zone and folded strata (Niu et al., 1991; Sun and Niu, 1994) .
The long-running debate between these competing models is mainly attributed to the paradoxical geological and geochemical features that show affinities with both syngenetic and epigenetic mineralization. For example, the orebodies are generally stratabound (e.g., Jiang, 1994; Zhou et al., 2012) , but structural (e.g., Niu et al., 1991; Sun and Niu, 1994 ) and microscopic observations (Zhong et al., 2015b) indicate that sulfides were controlled by host rock deformation. Geochemical features of the deposit are also enigmatic. S and Pb isotopic ratios of sulfides are typical to SEDEX deposits, while H and O isotopes indicate a fluid source of metamorphic origin. Furthermore, although the Dongshengmiao has Zn and Pb tonnages and a Zn/(Zn þ Pb) ratio similar to other SEDEX deposits all over the World, the unusual enrichment of Cu accompanying Zn and Pb is somehow atypical to most SEDEX deposits (Leach et al., 2005) .
In recent years, the multistage genesis of the Dongshengmiao deposit is envisaged by some researchers, accounting for the hybrid syngenetic and epigenetic features of the deposit (Chen et al., 2009b) . Based on the result of decrepitating temperatures of fluid inclusions, Peng et al. (2007a) proposed that magmatic fluid mineralization was responsible for the disconcordant Cu-Zn veinlets, which overprinted on stratabound orebodies. Zhang et al. (2010) envisaged the difference between massive pyrite and Znrich orebodies, and pointed out that the former is syngenetic while latter are results of epigenetic mineralization. Similarly, Gao et al. (2014) also noticed that Zn-rich orebodies are results of replacement mineralization when ore-fluid infiltrating dolomitic host rocks. Based on systematic microscopic observation and 39 Ar/ 40 Ar geochronology, Zhong et al. (2015b) proposed that Zn-PbCu sulfides are results of large-scale fluid-assisted remobilization of stratabound sulfides, during the early Cretaceous orogeny and accompanying thrusting and greenschist facies metamorphism. The mixed syngenetic and epigenetic characteristics of the Dongshengmiao deposit are reviewed in this paper. These geological, geochemical and geochronological features together with our new petrographic observations are interpreted under the context of a multigenetic model. In addition, a thermodynamic modeling is carried out, accounting for the physicochemical process of remobilization as well as the atypical enrichment of Cu in the SEDEX deposit.
This case study may provide insights in understanding the geological and geochemical features and ore-forming processes of syngenetic base metal deposits (i.e., SEDEX and VMS deposits) that are hosted in metamorphic terrenes. The gneisses of these deposits are commonly enigmatic and highly controversial, due to their complex ore-forming history involving synmetamorphic remobilization and/or hydrothermal overprinting (Marshall and Spry, 2000; Marignac et al., 2003; Gu et al., 2007; Moura, 2008; Xu et al., 2011; Zheng, 2013; Zheng et al., 2013; Brueckner et al., 2014) . This study provides a quantitative constraint on metal budget during the multistage mineralization process.
Regional geological setting
The Dongshengmiao deposit is located in the Langshan district in the northern margin of the North China Block (NCB), bordered to the north by the Central Asian Orogenic Belt (CAOB) (Fig. 1) . This Langshan area hosts three large (Huogeqi and Jiashengpan) and giant (Dongshengmiao) Cu-Pb-Zn polymetallic deposits and tens of medium-sized deposits (Fig. 2) . The Archean basement of this area consists of high-grade metamorphosed basaltic and sedimentary rocks, and is overlain by greenschist to amphibolite facies Proterozoic rift rocks (Langshan Group). The latter, composed of mica schist, clastic metasedimentary rocks, carbonates, and intercalations of metavolcanic rocks (Peng et al., 2007b) , are the immediate host rocks of all the Cu-Pb-Zn deposits in the Langshan area (Fig. 2) . The Langshan Group was previously interpreted as Mesoproterozoic rift rocks, constrained by a whole rock Sm-Nd model age of 1805 AE 76 Ma (Peng and Zhai, 1997) . Based on a single U-Pb age of detrital zircon, Li et al. (2007) Group, which is regarded as the east continuation of the Langshan Group (Zhai et al., 2008) . However, recent geochronological studies constrain its depositional age to be Neoproterozoic, constrained by dating of intercalated volcanic rocks with zircon U-Pb ages of 867 AE 10 to 805 AE 5 Ma (Peng et al., 2010) and 804 AE 3.5 Ma (Gong, 2014) . U-Pb dating of detrital zircons from metasedimentary rocks of the Langshan Group constrains them to be younger than 1100 Ma (Gong, 2014) . It is still not clear whether there were more than one phases of rifting events, or the Langshan-Zhaertai Group is actually a collage of more than one terranes that of different affinities.
During Paleozoic times, the Paleo-Asian Ocean closed along the Suolon suture, leading to the development of the CAOB (Fig. 1) . It is still a hot debate whether the Paleo-Asian Ocean finally closed in the Devonian (Xu et al., 2013) or in the late Permianeearly Triassic (Sengör and Natal'in, 1996; Chen, 2002; Xiao et al., 2003; Chen et al., 2007a; Chen et al., 2009a; Zhang et al., 2009) . Anyhow, late PaleozoiceTriassic biotite granite and granodiorite plutons are widely exposed in the Langshan area as a result of the prolonged orogenic event (Fig. 2) .
At least w100 million years after the continental collision between NCB and the Siberian Craton, a tectonic event took place in a large area of the central and eastern Asia during middle to late Mesozoic, also known as the Yanshanian movement in China (Yakubchuk, 2004; Dong et al., 2008) . The geodynamic background of this tectonic event is still controversial and beyond this literature, but large-scale hydrothermal mineralization took place simultaneously, especially in eastern China (e.g., Chen et al., 2007a Chen et al., , 2012 Sun et al., 2007) . The Langshan area is dominated by compressional deformation during this time, characterized by wide development of NE-trending thrust faults and contemporaneous deposition of red beds in foreland basins (Darby and Ritts, 2007) .
Geology of the Dongshengmiao deposit
The Archean basement composed of gneiss and migmatite is exposed in the southeast of the Dongshengmiao deposit, and overlain by the ore-hosting Proterozoic Langshan Group (Figs. 2 and 3). Major lithological units of the lower greenschist facies Langshan Group include mica schist, carbonaceous shale, dolomitic marble and quartzite, with interlayered felsic and mafic metavolcanic rocks (Fig. 4) . The protoliths of the Langshan Group are mainly sandstone, siltstone, mudstone and carbonates, which defines a coastal or shallow marine environment in a rift (Hebei College of Geology and Geological Prospecting Team of Inner Mongolia Chemical Industry, 1980). The Langshan Group is subdivided into three formations, termed as the First, the Second, and the Third Formation from the bottom to the top, respectively (Fig. 4) . All the orebodies are hosted in the Second Formation, which is mainly composed of carbonaceous mica schist and dolomitic marble, with intercalated metavolcanic rocks at the bottom (Fig. 4) . The Proterozoic ore-hosting rocks are overlain by the undeformed early Cretaceous terrestrial sediments, including red sandstone, conglomerate, and mudstone. These sediments are interpreted as molasses deposited in a foreland basin of an intraplate orogeny (Darby and Ritts, 2007) .
Northwest-dipping thrust faults and related mylonites are well developed in the Dongshengmiao deposit (Fig. 3) . These thrusts are generally parallel to sedimentary beddings of the Proterozoic rocks (Suo, 1992) , and consistently dip northwest at 30 e45 (Hu et al., 1981) . Minimum displacements on the major thrusts are about 300 m (Hu et al., 1981) . The age of thrusting is constrained as 135.5 AE 0.9 Ma, by 39 Ar/ 40 Ar dating of muscovite separated from shear deformed Proterozoic schist (Zhong et al., 2015b ). These thrusts were developed as a result of the intraplate orogeny and crustal shorting, coeval with the deposition of the early Cretaceous molasses (Darby and Ritts, 2007) . PermianeTriassic granitoids are widely exposed in the northwest of the deposit, separated from the early Cretaceous sediments by a thrust fault (Fig. 3) . These plutons are composed of several phases of intrusive rocks emplaced from 287 to 228 Ma (Liu, 2012; Hu et al., 2015) . Major lithological units include Permian quartz diorite and porphyritic granite (287e275 Ma; Hu et al., 2015) , and Triassic monzogranite (245 AE 5 Ma; Liu, 2012) and granodiorite (228 AE 4 Ma; Liu, 2012) . The tectonic setting of the PermianeTriassic magmatism is still controversial. The granitoids in the Dongshengmiao deposit are interpreted to be emplaced in a post-collisional setting (Hu et al., 2015) , or as a result of the final closure of the Paleo-Asian Ocean (Liu, 2012) .
The orebodies are mostly hosted in carbonaceous mica schist and dolomitic marbles of the Langshan Group, and overlain by the early Cretaceous molasses. Therefore they are not shown in Fig. 3 . Orebodies are mostly northeast-trending and northwest-dipping, with dips of 25 e65 (Fig. 5; Wulatehouqi Zijin Mining Group Co. Ltd, 2008) . The morphology of orebodies varies at different parts of the mining filed. In the southwest region of the deposit (cross sections AeA 0 , BeB 0 and CeC 0 in Fig. 3 ), where thrust faults are widely developed, the orebodies are steeply dipping and have high dip angles similar with the thrust faults (Fig. 5 ). They were asymmetrically folded as a result of thrusting (Fig. 5) , and upgraded at hinge regions of the folds . Mineralization took place generally parallel to sedimentary beddings, but locally cut cross different lithological units (Fig. 5) . In addition to Zn-Pb, most Cu mineralization occurs in the southwest region of the deposit. On the contrary, orebodies in the northeast segment (near the DeD 0 cross section in Fig. 3 ) of the deposit were relatively weakly deformed, and are generally stratiform and stratabound (Fig. 5) , because thrust faulting was not as strong as that in the southwest (Fig. 3) . The northeast region of the deposit is predominated by Zn-Pb and S mineralization, whereas Cu is generally subeconomic with an average grade of 0.08% Cu (Wulatehouqi Zijin Mining Group Co. Ltd, 2008). However, most orebodies in the northeast region are enriched in silver, with an average grade of 11.9 g/t Ag (Wulatehouqi Zijin Mining Group Co. Ltd, 2008).
Petrographic constraints

Massive pyrite
Massive pyrite is common accompanying Zn-Pb-Cu mineralization (Fig. 6AeD) , and it is mined as S ore for sulfuric acid. Most massive pyrite is coarse-grained (>w100 mm) due to metamorphic recrystallization ( Fig. 6D and Fig. 6D in Zhong et al., 2015b) , but fine-grained pyrite with typical grain sizes of w10 mm is locally preserved (Fig. 6A, B) . The fine-grained pyrite grains commonly have zoned textures, characterized by a dark yellow core surrounded by a clean rim (Fig. 6B) . Some of the cores are relics of marcasite, manifested by their heterogeneity under polarizing microscopes, and the rims have been converted to pyrite during metamorphism. The darker color of the core indicates its greater abundance of impurities compared to the recrystallized rim. Our unpublished results of in situ LA-ICP-MS analysis on sulfides indicate that the fine-grained massive pyrite is enriched in economic elements such as Zn and Pb.
Some massive pyrite was tectonically brecciated and cemented by hydrothermal minerals such as pyrite, pyrrhotite, Cu-Pb-Zn sulfides, and carbonates ( Fig. 6A , C, D). Fine-grained pyrite was recrystallized with the assist of syn-tectonic fluid, especially adjacent to veinlets where channelized fluid infiltrating the massive pyrite (Fig. 6C ). In cases that pervasive fluid infiltration took place along grain boundaries of pyrite, all the pyrite grains were recrystallized to grain sizes of >100 mm (Fig. 6D ).
Zn-Pb-Cu mineralization
In deformed schist-hosted ores, Zn-Pb-Cu sulfides (sphalerite, galena, and chalcopyrite) are distributed in microstructures that formed during shear deformation of the host rocks. As shown in 7A , B, the ore-hosting carbonaceous schist is tectonically brecciated under shear stress, forming discrete, oriented, and asymmetric rhombic fragments. Sulfide-bearing veinlet developed parallel to the shear band (i.e., C foliations of mylonite; Fig. 7A , B). In the veinlet, syn-ore hydrothermal gangue minerals such as muscovite and quartz are oriented parallel to the S foliations of the mylonitic host rock (Fig. 7A, B ). This indicates that the ore-bearing fluid was introduced during shear deformation of the host rock.
High-grade Zn-Pb ores are mostly hosted in the chemically active Fe-rich marble, which is mainly composed of sideritemagnesite (Fig. 7CeE ). Sulfides are distributed along grain boundaries of the carbonate host rocks, locally corroding and replacing host carbonates (Fig. 7CeE) . Biotite was commonly generated at contact between sulfides and Fe-Mg carbonates (Fig. 7E ). Zn-Pb mineralization hosted in Fe-rich carbonate is commonly accompanied by precipitation of large amounts of pyrrhotite or pyrrhotite-pyrite AE magnetite assemblage (Fig. 7E) .
Some high-grade Zn-Pb mineralizations are the 'breccia-type ore' defined by previous researchers (e.g., Peng et al., 2000) . The breccia elements of this type of mineralization are fragments of foliated ore-hosting marble and mica schist, and the matrix are composed of fine-grained Fe-rich carbonates (Fig. 7C, D) . The foliations of host rock fragments are inconsistently orientated in different fragments (Fig. 7C, D) . Zn-Pb-Cu sulfides in the brecciatype ores occur along grain boundaries of fine-grained carbonates in the matrix and cement host rock fragments (Fig. 7C, D) .
Accompanying the precipitation of Zn-Pb-Cu sulfides, pyrite, pyrrhotite, biotite, muscovite, chlorite, carbonates and quartz are common hydrothermal gangue minerals observed in most ores (Fig. 7B, FeH) , defining an ore-forming P-T condition consistent with lower greenschist facies metamorphism. Besides, barite is also observed accompanying sulfides, and witherite was generated at contact between barite and carbonate host rocks. Magnetite was mostly formed during the earliest stage of sulfide precipitation, it commonly occurs at contacts between hydrothermal veinlets (channelized fluid pathway) and host rocks, accompanying pyrite and pyrrhotite (Fig. 7G, H) . In areas where the fluid infiltrating into the host rocks and centimeters away from the veinlets, magnetite is absent and the Fe-S-O mineral assemblage is characterized by pyrite-pyrrhotite or pyrrhotite-only.
Interpretations
Although most massive pyrite at the Dongshengmiao was recrystallized during subsequent metamorphism and fluid infiltration ( Fig. 6D ), fine-grained texture is still preserved in some samples ( Fig. 6AeC) , which is an index of syngeneic mineralization (Leach et al., 2005) . Additionally, the relics of marcasite as cores in the fine-grained pyrite crystal also manifest the low-temperature syngenetic origin of massive pyrite.
Syngenetic massive pyrite was tectonically brecciated and cemented by coarse-grained sulfides and accompanying hydrothermal gangue minerals (Fig. 6A) , or infiltrated by hydrothermal fluid along grain boundaries or microfractures (Fig. 6C, D) , indicating an overprinting of hydrothermal ore-fluid on the syngenetic massive pyrite. All the chalcopyrite, galena and sphalerite that observed in this study were formed during this hydrothermal event. In strongly sheared host rocks, sulfides and accompanying gangue minerals such as quartz, muscovite, and carbonate precipitated filling shear structures (e.g., S-C foliations; Fig. 7A, B) , indicating that hydrothermal mineralization was coeval with shear deformation of the host rocks.
By comparing between the mineralization styles and Fecontents of host rocks, Zhong et al. (2015b) proposed that Fe-rich carbonates are ideal sites for high-grade mineralization (Fig. 7C, D) . Fe-rich carbonates are chemically active and therefore favored precipitation of sulfides. Host rock carbonates were eroded by the ore-fluid during fluid infiltration along grain boundaries, manifested by the rounded and embayed relics of carbonates (Fig. 7E) . A skarn-like fluid-rock interaction is indicated by the formation of biotite at contact between ore-fluid and Fe-Mg carbonates ( Fig. 7E and Fig. 8A , F in Zhong et al., 2015b). Compared with strongly deformed metamorphic minerals of the host rock, sulfides and accompanying hydrothermal gangue minerals are generally strain-free or weakly deformed (Fig. 7) , indicating that hydrothermal mineralization took place at the latest stage of shear deformation. This also excludes the possibility that the highgrade replacement mineralization took place during the diagenetic process of the ore-hosting carbonates (e.g., Leach et al., 2010) . Particularly, in the breccia-type ores, the inconsistently orientated foliations of different breccia elements (Fig. 7C, D) indicate that the brecciating of host rocks postdated their metamorphism and foliating, and the previously foliated host rock fragments were rotated during brecciation. The host rocks were brecciated under shear stress, and the fine-grained matrix cementing the fragments are tectonically milled host rocks during shear deformation, i.e., cataclastic rocks of a shear zone. The 'breccia-type' Zn-Pb-Cu mineralization took place when the syntectonic ore-fluid infiltrating the matrix of cataclastically deformed carbonate.
The pressure-temperature (P-T) condition of Zn-Pb-Cu mineralization is constrained by the assemblage of hydrothermal gangue minerals accompanying sulfides, which mainly include muscovite, biotite, chlorite, quartz and carbonates (Figs. 6C, D and 7B, E, G, H) . This indicates a lower greenschist facies P-T condition during mineralization. Previous fluid inclusion study shows that total homogenization temperatures of inclusions in mineralized quartz veins cluster at 300e380 C with a mode at 340e360 C (Miu and Ran, 1992) , consistent with the lower greenschist facies temperatures. In our previous work, an ore-forming depth of w7e10 km is determined using sphalerite geobarometer (Zhong et al., 2015b) , which is also a crustal depth of lower greenschist facies regime. Taken that the lower greenschist facies host rocks, represented by chlorite muscovite schist and two-mica schist, have similar metamorphic mineral assemblage with Zn-Pb-Cu ores, the mineralization took place simultaneously with host rock metamorphism.
Conclusively, two periods of metallogenesis are recognized based on petrographic observation: syngenetic massive pyrite overprinted by syntectonic and synmetamorphic Zn-Pb-Cu hydrothermal mineralization. Although Zn and Pb were deposited from an epigenetic fluid, isotopic signatures indicate that they were remobilized from syngenetic stratabound sulfides (see the following section). Samples observed in this study were collected from the southwest segment of the deposit, where the thrust-related shear deformation was intensive. Therefore, seldom syngenetic Zn-Pb-Cu sulfides were preserved there due to the pervasive fluid-assisted remobilization accompanying shear deformation. It is highly probable that some syngenetic stratabound Zn-Pb orebodies were preserved at the Dongshengmiao deposit (especially in the northeast segment), although they were not observed in this study. Our unpublished in situ LA-ICP-MS analysis on sulfides revealed that the syngenetic massive pyrite/marcasite has high concentrations of impurities such as Zn and Pb, indicating that Zn-Pb pre-enrichment took place during the syngenetic process.
Isotopic constraints
In this section, the results of previously published lead, sulfur, oxygen, and hydrogen isotopic researches are compiled, in order to trace the sources of S, Pb and ore-fluid, and to reveal the oreforming history of the Dongshengmiao deposit.
Lead isotopes of sulfides
Lead isotopic ratios of galena, sphalerite, pyrite, and pyrrhotite were reported by Li et al. (1986) , Ding and Jiang (2000) , and Huang (2009) ( Table 1 ). All the sulfide minerals at Dongshengmiao are typically depleted in radiogenic lead, with two-stage model ages of ca. 2000 to 1750 Ma (Fig. 8) .
Sulfur isotope of sulfides
We compiled the sulfur isotope ratios of sulfides that published in previous literature (Chen, 1990; Miu and Ran, 1992; Ding and Jiang, 2000) . All sulfides except for chalcopyrite are characterized by enrichment in heavy sulfur isotope with d 34 S values higher than 13& (Table 2, Fig. 9 ). Pyrite in the Dongshenmiao mostly occurs as recrystallized massive pyrite that formed during the submarine exhalative process, and has an average d 34 S value of 27.5 AE 7.2(&) (1s, n ¼ 24). Pyrrhotite, sphalerite, and galena were precipitated from an epigenetic hydrothermal solution during metamorphism and shear deformation, and they have a d 34 S value of 23.7 AE 6.3 (&) in average (1s, n ¼ 45). The sulfur isotope of chalcopyrite is distinctly lighter than other sulfides (Fig. 9) , with an average d 34 S value of 2.5 AE 2.5(&) (1s, n ¼ 4). 
Interpretation
As discussed above, Zn-Pb-Cu mineralization at the Dongshengmiao was controlled by shear deformation during greenschist facies metamorphism. Our previous 39 Ar/ 40 Ar geochronological study revealed that Zn-Pb-Cu mineralization took place in the early Cretaceous (135.6 AE 0.8 Ma), coeval with host rock metamorphism and shear deformation (135.5 AE 0.9 Ma) (Zhong et al., 2015b) . However, lead isotopes of sulfides are significantly depleted in radiogenic lead compared with the age of sulfide precipitation. Sulfides mostly have two-stage lead model ages of w2000e1750 Ma (Fig. 8) , whereas their precipitation took place in early Cretaceous (w136 Ma). This indicates that the early Cretaceous ore-bearing fluid was derived from an extremely leadenriched source, which has a much lower U/Pb (and Th/Pb) ratio than average crustal rocks. Based on the two-stage lead model ages, the lead enrichment process might take place during Proterozoic, coeval with deposition of the ore-hosting Langshan Group. Conclusively, during the epigenetic Zn-Pb-Cu mineralization, lead was remobilized from stratabound orebodies that were syngenetically formed during the deposition of the Proterozoic Langshan Group. The syngenetic pre-enrichment process is also verified by the sulfur isotopic signatures of sulfides, which are significantly enriched in heavy sulfur isotopes, except for chalcopyrite (Fig. 9) . The enrichment of heavy sulfur isotopes is diagnostic of submarine exhalative deposits such as SEDEX, the sulfur of which are mainly derived from non-bacterial reduction of isotopically heavy marine sulfate (Ohmoto and Rye, 1979) . Most pyrite at the Dongshengmiao is from recrystallized massive pyrite, and therefore its isotopic composition (d Since the fractionation factor between aqueous H 2 S and solid sulfides is lower than 1& (Ohmoto and Rye, 1979) , this value represents the isotopic composition of reduced sulfur in the ore-fluid. Due to the presence of sulfate in the hydrothermal solution, which is manifested by the presence of barite (Fig. 7F ), the fractionation between aqueous H 2 S (and HS À ) and the bulk dissolved sulfur is not negligible. The factor of fractionation depends on the P SO 2À 4 = P H 2 S ratio and fluid temperature (Ohmoto and Rye, Figure 8 . Lead isotope data on sulfides. The two-stage lead growth curve is from Stacey and Kramers (1975) . The numbers along the growth curve are two-stage lead model ages, in millions of years. The lead isotope data of sulfides are compiled from Li et al. (1986) , Ding and Jiang (2000) and Huang (2009 1979). Thermodynamic modeling (see below) reveals that there is near equal aqueous sulfate and reduced sulfur in the fluid at 350 C ( P SO 2À 4 = P H 2 S ¼ w1:7; Fig. 11 ). This indicates that the bulk fluid sulfur would be heavier than the equilibrated sulfides by a factor w5e10& (Ohmoto and Rye, 1979) . The sulfur isotope of syngenetic pyrite is w4& heavier than that of epigenetic hydrothermal sulfides, consistent well with the hypothesis that the epigenetic Zn-Pb sulfides was remobilized from stratabound sulfides.
Sulfur isotopic composition of chalcopyrite is distinctly different from sphalerite and galena, and its d 34 S value is significantly lower than sphalerite and galena by more than 20& (Fig. 9) . Such a great difference can not be accounted for by isotopic fractionation, for the fractionation factor between chalcopyrite and aqueous H 2 S is as low as À0.1& at 350 C (Ohmoto and Rye, 1979) . Furthermore, chalcopyrite precipitated generally coeval with other sulfides, and therefore their great difference in sulfur isotopes can not be an effect of Rayleigh fractionation. The distinct isotopic signature of chalcopyrite indicates that the Cu-mineralized fluid might be derived from a different source rather than the stratabound Zn and Pb. This possibility will be further discussed in the following sections.
The source of ore-fluid during Zn-Pb-Cu mineralization is traced by hydrogen and oxygen isotopes of ore-fluid. The ore-forming fluid is characterized by enrichment of heavy oxygen isotope, which is identical to pelitic metamorphic fluid ( Fig. 10 ; Goldfarb et al., 1991) . Hydrogen of the ore-fluid is generally isotopically heavy, with about half of the data plotted within the regime of metamorphic fluid, but showing a trend towards the regime of water that interacted with organic matters (Fig. 10) . This indicates that the ore-fluid might be derived from devolatilization of pelitic rocks during metamorphism and interacted with carbonaceous shale during fluid migration. This hypothesis is consistent with the fact that carbonaceous schist and marble are common in the host rock sequences (Fig. 4) . Ore-fluid of the Dongshengmiao is mesothermal and enriched in CO 2 and N 2 (Miu and Ran, 1992) , which are also characteristics of metamorphic fluids (Goldfarb et al., 2005; Chen et al., 2007b) .
The hydrogen and oxygen isotopic ratios of ore-fluid at the Dongshengmiao are similar with orogenic gold deposits (Fig. 10) , which are typical cases of shear zone controlled metamorphic fluid deposits (Goldfarb et al., 2005; Chen, 2006) . However, they are significantly different from typical submarine exhalative deposits (Fig. 10) , which are mainly formed from modified sea water with dD and d
18
O values close to 0& (Fig. 10 ). This indicates a large-scale remobilization assisted with metamorphic fluid, which totally modified the oxygen and hydrogen isotopic signatures of the syngenetic orebodies (Marshall and Spry, 2000) .
Thermodynamic modeling of Zn-Pb-Cu mineralization
Two runs of thermodynamic modeling are carried out using the HCh package and the updated Unitherm database (Shvarov and Bastrakov, 1999) . Detailed descriptions on the methodology and selections of thermodynamic properties of minerals and aqueous species are provided by Zhong et al. (2015a) . In the first run of modeling, we modeled Zn, Pb, Cu, and S speciation and solubility in the initial ore-fluid during Zn-Pb-Cu mineralization (hydrothermal remobilization), to reveal the physicochemical conditions and metal speciation of the fluid. In the second run of modeling, the ore-fluid flows through different lithological units that simulate the host rock sequences, to reveal lithological controls on metal precipitation.
The initial ore-fluid
Magnetite mostly occurs near contacts between the hydrothermal veinlets and host rocks, suggesting that it precipitated early during fluid evolution. In some cases, magnetite precipitated together with both pyrite and pyrrhotite (Fig. 7G) , which defines the a H2S -fO 2 condition of the fluid near the magnetite-pyrite- Figure 10 . Plots of d
18
O versus dD for the ore-fluid during sulfide remobilization. The H-O isotopes of orogenic gold deposits are after Goldfarb et al. (2005) ; and the submarine exhalative deposits are from Ohmoto and Rye (1979; Kuroko) and Tornos (2006; Iberian Pyrite Belt) . The isotopic composition of natural waters with different origins is after Taylor (1974) and Sheppard (1986) . Abbreviations:
Figure 11. The result of thermodynamic modeling on the initial ore-fluid during hydrothermal remobilization, showing the solubility of major aqueous S-, Zn-, Pb-, and Cu-species in a hydrothermal solution with 1 molal NaCl and saturated with chalcopyrite, galena, sphalerite, pyrite, magnetite, pyrrhotite, barite, dolomite, muscovite, quartz, and biotite. The modeling is carried out at 2.5 kbar.
pyrrhotite triple junction of the Fe-S-O-H system (e.g., see Fig. 12 in Zhong et al., 2012) . Although the magnetite-pyrite-pyrrhotite assemblage does not occur in all the Zn-Pb-Cu ores, it provides a good constraint on the a H2S -fO 2 condition of the initial ore-fluid. The presence of syn-ore barite (Fig. 7G ) provides another constraint on speciation of sulfur in the ore-forming fluid. Other syn-ore hydrothermal minerals mainly include dolomite, quartz, muscovite, and biotite (Figs. 6C, D and 7B, E, G, H) . These minerals constrain the ore-fluid to be CO 2 -rich and have near-neutral pH.
The fluid salinity has not been precisely analyzed, for previous fluid inclusion studies were carried out using only heating stages and can only measure the high-salinity inclusions with daughter minerals (e.g., Miu and Ran, 1992) . Our preliminary petrographic observation on fluid inclusion reveals that most inclusions at the Dongshengmiao are carbon-rich and without daughter minerals, similar with those of typical orogenic gold deposits (Goldfarb et al., 2005) . Therefore we arbitrarily set the fluid salinity as 1 molal NaCl (w5.5 wt.% NaCl), typical to orogenic-type deposits.
To test the influence of fluid salinity on metal speciation, a secondary simulation of 5 molal NaCl (w23 wt.% NaCl) was carried out, and the simulated results are not significantly changed (not shown). The greatest uncertainty of the simulation is the fluid temperature, which will influence equilibrium of reactions. The simulation is carried out over a temperature range of 300e400 C, which covers the whole range of estimated ore-forming temperatures. The pressure is fixed at 2.5 kbar, based on results of sphalerite geobarometer (Zhong et al., 2015b) . Therefore, in the Zn-Pb-Cu-Fe-Mg-Ca-Ba-Na-K-Al-Si-S-C-Cl-O-H system, we simulated the equilibrium between a solution with 1 molal NaCl and solid phases including chalcopyrite, galena, sphalerite, pyrite, magnetite, pyrrhotite, barite, dolomite, muscovite, quartz, and biotite, over the temperature range of 300e400 C at 2.5 kbar. The simulated Zn, Pb, Cu and S solubility and speciation are shown as functions of fluid temperature (Fig. 11) . Due to equilibrium with both barite and Fe-S minerals, the ore-fluid is enriched in sulfur (0.004e0.03 molal), and has near-equal concentrations of sulfate (mainly NaSO 4 À ) and reduced sulfur (mainly H 2 S(aq) and HS À ) (Fig. 11) . The predicted concentration of reduced sulfur is consistent with the typical orogenic gold-forming fluids that containing 10 À3 e10 À0.5 molal reduced sulfur (Goldfarb et al., 2005) . Zn, Pb, and Cu in the ore-fluid are predominated by electrically neutral hydrosulfide complexes (Zn(HS) 2 (aq), Pb(HS) 2 (aq), and CuHS(aq); Fig. 11 ), consistent with the theoretical prediction that Zn-, Pb-and Cu-hydrosulfide complexes predominant over chloride complexes at medium to high temperature fluids that saturated in Fe-S sulfides (Zhong et al., 2015a ). An interesting result is that the epigenetic ore-fluid has greater ability in transporting Cu than Zn and Pb (Fig. 11) , because Cu (soft Lewis acid; Pearson, 1963) forms stronger bonds with reduced sulfur (soft Lewis base) than Zn and Pb (borderline Lewis acids). The greater mobility of Cu than Zn and Pb during metamorphism is cross-proofed by both field observation (Gu et al., 2007) and geochemical experiments (Gu et al., 2004) . This may account for the anomaly enrichment of Cu in the SEDEX ore-forming system (see Section 7.2).
The flow-through modeling
In the previous section, the chemical composition of initial orefluid is modeled at 300e400 C. In this part, the initial ore-fluid at 350 C flows through different lithological units while cooling (Fig. 12) , to exam the lithological controls on sulfide precipitation. The lithological units that used in the flow-through modeling are designed to simulate the sequences of ore-hosting rocks (cf. Figs. 4  and 12) .
The simulation indicates that a large volume of pyrrhotite (and minor pyrite) precipitates when the fluid encounters the interlayered Fe-rich carbonate (siderite), due to the interaction between Fe in the host rock and aqueous reduced sulfur, i.e., host rock sulfidation (Fig. 12) . As a result, the content of reduced sulfur in the fluid declines dramatically, which will in turn destabilize metalhydrosulfide complexes in the fluid and result in deposition of significant amounts of chalcopyrite, sphalerite, and to a lesser extent galena (Fig. 12) . This agrees well the observation that highgrade Cu and Zn mineralization was formed by replacing sideritemagnesite host rocks along grain boundaries, and accompanying deposition of large amounts of pyrrhotite or pyrrhotite-pyrite assemblage ( Fig. 7CeH ; Zhong et al., 2015a,b) . This mechanism controlled redistribution of sulfides during syntectonic and synmetamorphic remobilization.
Discussion and conclusions
The multistage mineralization
The Dongshengmiao is a SEDEX-type deposit and underwent significant Zn, Pb and Cu remobilization during metamorphism and shear deformation. The syngentic mineralization is manifested by the following facts: (1) The ore-hosting rift sequences is mainly composed of metamorphosed carbonaceous shale, dolomite, and clastic sediments, which are typical of SEDEX-type deposit. Intercalated metavolcanic rocks at the bottom of the ore-hosting sequences indicate an abnormally high geothermal gradient, which would favor the development submarine hydrothermal systems (Peng and Zhai, 1997) . Furthermore, B-, Mn-, P-, Ba-enriched layers and siderite layers within the ore-hosting sequences are indicators of submarine hydrothermal activity (Zhai et al., 2008; Zhang et al., 2010) . (2) In the northeast region of the deposit, where shear deformation was relatively weak, the orebodies are generally stratabound and stratiform (Figs. 3 and 5) . (3) The pre-tectonic fine- Figure 12 . The result of the flow-through thermodynamic modeling, showing the amounts of sulfide precipitation as a result of fluid-rock interaction and fluid cooling (right). Also shown is the lithology of the rock sequences designed for the modeling (left). The modeling is carried out at a temperature increment of 5 C for each step, and the pressure is fixed at 2.5 kbar. grained massive pyrite is an index of submarine exhalative mineralization (Fig. 6) . Relics of marcasite cores are locally preserved in fine-grained pyrite, suggesting that it was originally formed under a low-temperature syngenetic condition. (4) Sulfides except for chalcopyrite are strongly enriched in heavy sulfur isotopes (Fig. 9) , suggesting that they were originally deposited in a submarine exhalative ore-forming system by reduction of marine sulfate. Sulfides are depleted in radiogenic lead and haves Proterozoic two-stage lead model ages (Fig. 8) , indicating that Pb was firstly enriched as stratabound sulfides accompanying development of the ore-hosting rift rocks.
During the early Cretaceous orogeny, large-scale Zn-Pb-Cu remobilization took place as a result of metamorphism and accompanying shear deformation, with the assist of metamorphic fluid. Zn-Pb-Cu sulfides and accompanying hydrothermal gangue minerals occurs filling shear structures of mylonitic host rocks (Fig. 7A, B) , or replacing chemically active Fe-rich carbonates (Fig. 7CeH) .
The metamorphic process resulted in recrystallization of massive pyrite, modification of the oxygen and hydrogen systematics, and most importantly, redistribution of economic sulfides. Redistribution of Zn-Pb-Cu sulfides is controlled by both structures and host rock geochemistry. Orebodies in the southwest region of the deposit are strongly controlled by the thrusts. They are consistently northwest-dipping and share similar dip angles with the thrust faults, and asymmetrically folded due to the activity of the thrusts (Fig. 5) . The orebodies were upgraded at hinge regions of the folds , indicating the redistribution of ore-forming elements during deformation. During the remobilization, Zn-Pb-Cu would be preferentially redistributed into Fe-rich carbonates, for they are ideal sites for reprecipitation of sulfides ( Fig. 12 ; Zhong et al., 2015b) . The lithological control during sulfide redistribution can partly account for the stratiform nature of the orebodies, for high-grade replacement mineralization is expected to extend along siderite-rich layers of the host rock sequences.
A preliminary interpretation on the unusual enrichment of Cu
Most SEDEX deposits are characterized by large tonnages of Zn and Pb, with Zn reserves several times higher than Pb. They averagely have a Zn/(Zn þ Pb) ratio of 0.7 (Leach et al., 2005;  Table 4 ). Similarly, our previous thermodynamic simulation on the chemical composition of a SEDEX ore-fluid yielded Zn/(Zn þ Pb) ratios ranging from 0.86 to 0.90 (Zhong et al., 2015a;  Table 4 ). On the contrary, Cu is subeconomic in most SEDEX deposits, with a few Curich exceptions having Cu/(Zn þ Pb) ratios up to w0.05 (e.g., Mt. Isa; Leach et al., 2005; Pirajno, 2009 ). Previous thermodynamic simulation (Zhong et al., 2015a ) also reveals a very low solubility of Cu in the SEDEX ore-forming fluids (Cu/(Zn þ Pb) < 0.0005; Table 4 ). In the case of Cu-rich Mt. Isa deposit, most researchers interpreted the enrichment of Cu as a result of epigenetic hydrothermal overprinting on syngenetic Zn-Pb-Ag orebodies during metamorphism and deformation .
In the case of the Dongshengmiao, its Zn and Pb tonnages agree well with typical SEDEX deposits in the world, with a Zn/(Zn þ Pb) ratio of 0.83 (Table 4) , consistent with the conclusion that Zn and Pb were originally enriched in a submarine exhalative ore-forming system. In addition, the enrichment of about 11.9 g/t Ag accompanying Zn and Pb at the Dongshengmiao is also characteristic of SEDEX ore-forming systems (Leach et al., 2005) .
The Dongshengmiao has an unusually greater Cu endowment than most SEDEX deposits. It has a Cu/(Zn þ Pb) tonnage ratio of 0.019, about two orders of magnitude higher than the thermodynamic prediction (Table 4) . Here we propose a preliminary hypothesis that the enrichment of Cu is a result of synmetamorphic hydrothermal activity. The thermodynamic modeling (Section 6.1) indicates that the ore-fluid during sulfide remobilization has a great potential in transporting Cu due to its high temperature and high content of reduced S (Fig. 11) . The thermodynamic modeling predicts that the Cu/(Zn þ Pb) ratio in the ore-fluid is as high as 6.5 (Table 4 ). The high solubility of Cu in the metamorphic ore-fluid enables the fluid to strip a large amount of Cu from the fluid source during devolatilization, i.e., Cu was extracted from "normal" sources without pre-enrichment. On the contrary, the relatively low solubility of Zn and Pb excludes the possibility that they were sourced from normal crustal rocks together with Cu. To form this giant Zn-Pb deposit, the syngenetic enrichment of Zn and Pb seems to be a necessity, because the epigenetic fluid is not capable to transport such a large volume of ore-forming elements. Therefore, the metamorphic fluid played a dual role in ore formation. First, when the fluid infiltrated the syngeneic sulfides during metamorphism, it provided a medium that would enhance the in situ remobilization and recrystallization of sulfides, for example by the fluid-assisted diffusive or advective mass transfer . Second, the metamorphic fluid can scavenge Cu from a large volume of source rocks during devolatilization, and precipitate it when infiltrating syngenetic Zn-Pb orebodies. This hypothesis is evidenced by the sulfur isotopic signatures of sulfides. The markedly lighter sulfur isotopes of chalcopyrite suggest that the Cu had a different source from sphalerite and galena (Fig. 9) . Furthermore, Cu mineralization took place mostly in the southwest region of the deposit where thrust faults were widely developed. Contrarily, it is generally subeconomic in the northeast region, where shear deformation was much weaker. This is consistent with the hypothesis that Cu mineralization was a result of syntectonic hydrothermal overprinting.
Conclusion: the genetic model
During Proterozoic, syngenetic SEDEX-type mineralization took place during the development of a rift, forming stratabound massive pyrite, Zn-Pb sulfides, and siderite-rich layers. In early Cretaceous, the rift sequences underwent lower greenschist facies metamorphism and shear deformation, as a result of Yanshanian orogeny and thrusting. Stratabound Zn-Pb sulfides were remobilized with the assistance of metamorphic fluids, and redistributed under the controls of thrust faults and host rock lithology. After a short distance of liquid state remobilization, Zn-Pb sulfides were Zhong et al. (2015a) . b Based on the compilation of tonnages of SEDEX deposits provided by Leach et al. (2005) . c Based on the simulation of Section 6.1.
re-deposited in shear structures, forming the shear-zone controlled mineralization that similar with orogenic-type deposits. In addition, siderite-rich layers within the host rock sequences are ideal traps for sulfide reprecipitation, and therefore hosting high-grade replacement mineralization. The metamorphic fluid not only played a role as a medium that facilitated the short-distant remobilization and redistribution of Zn-Pb sulfides, but also striped a large amount of Cu from the fluid source during devolatilization. The Cu-mineralized metamorphic fluid infiltrated and dissolved the syngenetic Zn-Pb sulfides, and eventually deposited Cu-rich orebodies accompanying the remobilized Zn and Pb sulfides.
The Dongshengmiao provides a case of an SEDEX ore-forming system overprinted by an orogenic-type mineralization/remobilization event. In a perspective of tectonic settings, the former is a typical case of mineralization that formed in extensional settings such as rifts, while the latter indicates a compressional setting, i.e., orogenic belt. The North China Block is a very unique case of Archean craton that was reactivated during Mesozoic. It provides unusual tectonic settings for the genesis of large-scale remobilized SEDEX deposit that has hybrid geological and geochemical characteristics of both SEDEX and orogenic-type deposits, and unusual enrichment of Cu as a SEDEX deposit.
